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SELECTIVELY PERMEABLE MEMBRANE TYPE REACTOR 

TECHNICAL FIELD 

[0001] The present invention relates to a selectively permeable membrane type 
reactor which includes a catalyst for promoting a chemical reaction and a selectively 
permeable membrane which selectively allows a specific component to pass 
therethrough, and may be used for various applications such as separating/recovering a 
reaction product or improving reaction selectivity. 

BACKGROUND ART 

[0002] A selectively permeable membrane type reactor (also called "membrane 
reactor"; see patent document 1) is a new concept reactor which includes a catalyst for 
promoting a chemical reaction and a selectively permeable membrane which selectively 
allows a specific component to pass therethrough to exhibit a catalytic effect and 
selective permeability. For example, a selectively permeable membrane type reactor 
called an extractor type reactor simultaneously effects a chemical reaction using the 
catalyst and separation/recovery of the reaction product using the selectively permeable 
membrane, and has been used for producing hydrogen by reforming a hydrocarbon and 
separating/recovering the produced hydrogen. In recent years, hydrogen has attracted 
attention as a clean energy source in the field of fuel cells and the like. Therefore, this 
type of reactor is expected to be increasingly used in the future. 

[0003] As a known selectively permeable membrane type reactor, a selectively 
permeable membrane type reactor 10 shown in FIG. 1 has been widely used which has a 
double tube structure having a reaction tube 2 and a separation tube 4 with a bottom 
which is disposed inside the reaction tube 2 and formed of a porous body, in which a 
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catalyst 6 for promoting a chemical reaction is disposed in the space between the 
reaction tube 2 and the separation tube 4, and a selectively permeable membrane 8 
which selectively allows a specific component to pass therethrough is disposed on the 
outer surface of the separation tube 4. 
5 [0004] The configurations of the catalyst and the selectively permeable 

membrane of the selectively permeable membrane type reactor 10 differ depending on 
the application (type of reaction).. In an extractor type reactor used for producing 
hydrogen by reforming a hydrocarbon and separating/recovering the produced hydrogen, 
a nickel (Ni) or ruthenium (Ru) based reforming catalyst which promotes a reforming 

10 reaction of a hydrocarbon is provided as the catalyst 6, and a hydrogen permeable 
membrane formed of a palladium-silver (Pd-Ag) alloy and a ceramic porous body made 
of a silica (Si02) or zirconia (Zr0 2 ), which selectively allows hydrogen to pass 
therethrough, is provided as the selectively permeable membrane 8, for example. 

[0005] According to the selectively permeable membrane type reactor 10, when 

15 a raw material gas Gi, such as a hydrocarbon (methane in this example) and steam, is 
introduced through a gas inlet 2a of the reaction tube 2 at a high temperature of about 
300 to 1000°C, the raw material gas Gi contacts the catalyst 6, whereby a reforming 
reaction shown by the following formula (1) and a shift reaction shown by the following 
formula (2) are promoted. This catalytic effect causes the hydrocarbon (methane) to 

20 be decomposed into reaction products such as hydrogen, carbon monoxide, and carbon 
dioxide, whereby a mixed gas (product gas) containing these reaction products is 
obtained. 

CH 4 +H 2 0<->CO+3H 2 (1) 
25 CO+H 2 0~C0 2 +H 2 (2) 

[0006] The hydrogen obtained as the product gas passes through the selectively 



2 



permeable membrane 8 to enter the separation tube 4 formed of the porous body, and is 
separated/recovered as a permeable gas G 2 through an open end 4a of the separation 
tube 4. On the other hand, since the remaining components (e.g. carbon monoxide and 
carbon dioxide as the reaction products and unreacted raw material gas) cannot pass 
5 through the selectively permeable membrane 8, these components pass through the 
reaction tube 2 and are recovered as an impermeable gas G 3 through a gas recovery port 
2b. This mechanism allows the permeable gas G 2 and the impermeable gas G 3 to be 
separated and individually recovered, whereby only the target component (hydrogen in 
this example) can be selectively separated/recovered from the reaction products of the 

1 0 reforming reaction. 

[0007] Since the selectively permeable membrane type reactor can achieve 
catalytic reaction promotion and selective permeation of a specific component using the 
selectively permeable membrane by a series of operations in a single reactor, the 
selectively permeable membrane type reactor has a compact configuration and requires 

15 only a small installation area. Moreover, since part of the reaction products passes 
through the selectively permeable membrane and is removed from the reaction system, 
the chemical reaction equilibrium shifts toward the production side, whereby a reaction 
can take place at a low temperature. Therefore, consumption of energy supplied from 
the outside during the reaction can be reduced, and deterioration and corrosion of the 

20 reactor can be prevented. This makes it unnecessary to use an expensive heat- 
resistant/corrosion-resistant material as the material for the reactor, whereby the cost of 
the reactor can be reduced. 

[0008] [Patent document 1] JP-A-6-40703 

25 DISCLOSURE OF THE INVENTION 

[0009] The selectively permeable membrane type reactor 1 0 having the structure 
shown in FIG. 1 can achieve catalytic reaction promotion and selective permeation of a 
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specific component using the selectively permeable membrane, but requires a further 
improvement in efficiency. For example, the extractor type reactor can achieve 
production and separation/recovery of the target component, but does not necessarily 
exhibit a high production and separation/recovery efficiency. In order to improve the 
5 efficiency of reaction promotion and selective permeation, it is forced to increase the 
area of the selectively permeable membrane or carry out reaction at an elevated 
temperature. Specifically, the advantages of the selectively permeable membrane type 
reactor, such as compact configuration and allowing a reaction to take place at a low 
temperature, are reduced, whereby the selectively permeable membrane type reactor 

10 may not fully exert its effects. 

[0010] As described above, a selectively permeable membrane type reactor 
which can achieve catalytic reaction promotion and selective permeation of a specific 
component using the selectively permeable membrane with a sufficiently high 
efficiency has not been disclosed. Therefore, provision of such a reactor has been 

15 demanded in the industry. The present invention was achieved to solve the above- 
described problems of the prior art technology, and provides a selectively permeable 
membrane type reactor which exerts advantageous effects in comparison with a known 
reactor by achieving a catalytic reaction and selective permeation of a specific 
component using the selectively permeable membrane with a sufficiently high 

20 efficiency. 

[0011] The inventors of the present invention have conducted extensive studies 
to solve the above-described problems. As a result, the inventors have found that the 
structure employed in a known reactor, in which the catalyst and the selectively 
permeable membrane are disposed in the same space, reduces the efficiency of a 
25 catalytic reaction and selective permeation of a specific component using the selectively 
permeable membrane. The inventors have found that the above-described problems 
can be solved by a novel structure using a carrier having two or more gas passages 
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(cells) partitioned and formed by a partition wall formed of a porous body, wherein the 
catalyst is disposed in some of the cells, the selectively permeable membrane is 
disposed in the remainder of the cells, and the cell (reaction cell) in which the catalyst is 
disposed and the cell (recovery cell) in which the selectively permeable membrane is 
5 disposed are adjacently disposed. This finding has led to the completion of the present 
invention. Specifically, the present invention provides the following selectively 
permeable membrane type reactor. 

[0012] [1] A selectively permeable membrane type reactor comprising a catalyst 
for promoting a chemical reaction, a selectively permeable membrane which selectively 

10 allows a specific component to pass therethrough, and a carrier for disposing the 
catalyst and the selectively permeable membrane, the carrier being a tubular body 
having two or more gas passages (cells) partitioned and formed by a partition wall 
formed of a porous body, the catalyst being independently disposed in some of the cells, 
the selectively permeable membrane being independently disposed in the remainder of 

15 the cells, and the cell (reaction cell) in which the catalyst is disposed and the cell 
(recovery cell) in which the selectively permeable membrane is disposed being 
adjacently disposed. 

[0013] [2] The selectively permeable membrane type reactor according to [1], 
wherein the carrier includes the cells partitioned and formed by the partition wall with a 

20 thickness of 1 0 |im to 3 cm. 

[0014] [3] The selectively permeable membrane type reactor according to [1] or 
[2], wherein the catalyst is a pellet-shaped or bead-shaped catalyst, and is disposed in 
the carrier by filling the cell of the carrier with the pellet-shaped or bead-shaped catalyst 
in a packed bed manner. 

25 [0015] [4] The selectively permeable membrane type reactor according to [1] or 

[2], wherein the catalyst is in the shape of a thin film and is disposed in the carrier by 
forming the catalyst in the shape of a thin film on a surface of the partition wall which 
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partitions and forms the cells of the carrier. 

[0016] [5] The selectively permeable membrane type reactor according to any of 
[1] to [4], wherein the carrier includes one center cell disposed to include a center axis 
of the carrier and two or more peripheral cells disposed adjacent to the center cell on a 
5 periphery of the center cell, the catalyst is disposed in either one of the center cell, or 
the peripheral cells, and the selectively permeable membrane is disposed in the another. 

[0017] [6] The selectively permeable membrane type reactor according to any of 
[1] to [5], wherein the carrier is a tubular body with a square, rectangular, or regular 
hexagonal end face. 

10 [0018] [7] A selectively permeable membrane type reactor comprising a 

plurality of the selectively permeable membrane type reactors according to [6], the 
selectively permeable membrane type reactors being integrated to form a composite 
reactor. 

[0019] The selectively permeable membrane type reactor according to the 
15 present invention exerts advantageous effects in comparison with a known reactor by 
achieving a catalytic reaction and selective permeation of a specific component using 
the selectively permeable membrane with a sufficiently high efficiency. 



BRIEF DESCRIPTION OF THE DRAWINGS 
20 [0020] FIG. 1 is a schematic cross-sectional view showing one embodiment of a 

known selectively permeable membrane type reactor. 

FIG. 2(a) is a schematic top view showing one embodiment of a selectively 
permeable membrane type reactor according to the present invention. 

FIG. 2(b) is a cross-sectional view along the line A-A' shown in FIG. 2(a). 
25 FIG. 3(a) is a schematic top view showing another embodiment of the 

selectively permeable membrane type reactor according to the present invention. 
FIG. 3(b) is a cross-sectional view along the line A-A' shown in FIG. 3(a). 
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FIG. 4 is a schematic illustrative view of the selectively permeable membrane 
type reactor according to the present invention, showing an example in which a stacked 
structure is formed by integrating a number of carriers. 

FIG. 5(a) is a schematic top view showing yet another embodiment of the 
5 selectively permeable membrane type reactor according to the present invention. 

FIG. 5(b) is a cross-sectional view along the line A-A' shown in FIG. 5(a). 
FIG. 6 is a block diagram showing a configuration of an evaluation device used 
in the examples. 

EXPLANATION OF SYMBOLS 

[0021] 2: reaction tube, 2a: gas inlet, 2b: gas recovery port, 4: separation tube, 
4a: open end, 6: catalyst, 8: selectively permeable membrane, 10, 20, 50, 70, 86: 
selectively permeable membrane type reactor, 22, 52: carrier, 24: partition wall, 26: cell, 
28: center cell, 30, 32: peripheral cell, 34: plug, 38: recovery cell, 40, 42: reaction cell, 
40a: gas inlet, 40b, 42b: gas recovery port, 60: composite reactor, 76: catalyst, 80: 
evaluation device, 82a, 82b, 82c, 82d: raw material gas supply source, 82e: hydrogen 
supply source, 84: vaporizer, 88: heater, 90: liquid trap, 92a, 92b: flowmeter, 94a, 94b: 
gas chromatograph, 96: permeable gas recovery line, 98: impermeable gas recovery line, 
100: sweep gas supply line, G^ raw material gas, G 2 : permeable gas, G 3 : impermeable 
gas, G 4 : sweep gas 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0022] During the development of the selectively permeable membrane type 
reactor according to the present invention, the inventors of the present invention have 
25 investigated the reasons why the efficiency of a catalytic reaction and selective 
permeation of a specific component using the selectively permeable membrane is 
reduced in a known selectively permeable membrane type reactor. As a result, the 
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inventors have found that a known selectively permeable membrane type reactor has a 
structure similar to that of the selectively permeable membrane type reactor 10 shown in 
FIG. 1, in which the catalyst 6 and the selectively permeable membrane 8 are disposed 
in the same space which is a space between the reaction tube 2 and the separation tube 4, 
and that this structure reduces the efficiency of a catalytic reaction and selective 
permeation of a specific component using the selectively permeable membrane. 

[0023] In more detail, in the selectively permeable membrane type reactor, a 
catalyst powder may be generated due to wear of the catalyst or the like when providing 
the catalyst or during use. When using a structure similar to that of the selectively 
permeable membrane type reactor 10 shown in FIG. 1 in which the catalyst 6 and the 
selectively permeable membrane 8 are disposed in the same space, it is difficult to 
prevent a phenomenon in which the catalyst powder adheres to the selectively 
permeable membrane 8 to clog the surface of the membrane or the catalyst powder 
reacts with the component of the selectively permeable membrane. The inventors have 
found that the above phenomenon causes deterioration of the selectively permeable 
membrane 8 and decreases the function of the selectively permeable membrane type 
reactor, thereby reducing the efficiency of a catalytic reaction and selective permeation 
of a specific component using the selectively permeable membrane. 

[0024] Therefore, as represented by a selectively permeable membrane type 
reactor 20 shown in FIGS. 2(a) and 2(b), the present invention employs a structure 
using a carrier 22 having two or more gas passages (cells 26) partitioned and formed by 
a partition wall 24 formed of a porous body, a catalyst 6 being disposed in some of the 
cells 26, a selectively permeable membrane 8 being disposed in the remainder of the 
cells 26, and the cell (reaction cells 40, 42) in which the catalyst 6 is disposed and the 
cell (recovery cell 38) in which the selectively permeable membrane 8 is disposed being 
adjacently disposed. According to this structure, even if a catalyst powder is produced 
due to wear of the catalyst 6 or the like, a phenomenon can be prevented in which the 
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catalyst powder adheres to the selectively permeable membrane 8 to clog the surface of 
the membrane or the catalyst powder reacts with the component of the selectively 
permeable membrane. Therefore, deterioration of the selectively permeable membrane 
8 and a decrease in the function of the selectively permeable membrane type reactor can 
5 be effectively prevented, whereby a catalytic reaction and selective permeation of a 
specific component using the selectively permeable membrane can be achieved with a 
sufficiently high efficiency. 

[0025] A commonly used selectively permeable membrane type reactor is 
outlined before describing the selectively permeable membrane type reactor according 

10 to the present invention. A selectively permeable membrane type reactor is a reactor 
which includes a catalyst for promoting a chemical reaction and a selectively permeable 
membrane which selectively allows a specific component to pass therethrough to 
exhibit a catalytic effect and selective permeability. The selectively permeable 
membrane type reactor may be classified into the following three types depending on 

1 5 the function or the application. 

[0026] (i) Extractor type reactor: the extractor type reactor simultaneously 
effects a chemical reaction using the catalyst and separation/recovery of the reaction 
product using the selectively permeable membrane. For example, an extractor type 
reactor including a hydrogen permeable membrane as the selectively permeable 

20 membrane has been used for producing hydrogen by reforming a hydrocarbon and 
separating/recovering the produced hydrogen. 

[0027] (ii) Distributor type reactor: the distributor type reactor simultaneously 
effects a chemical reaction using the catalyst and prevention of a side reaction by 
concentration adjustment of a specific component using the selectively permeable 

25 membrane. For example, a distributor type reactor including an oxygen permeable 
membrane as the selectively permeable membrane has been used for an oxidation 
reaction of a hydrocarbon or the like. An oxidation reaction is desirably carried out at 
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a low oxygen concentration in order to control the gas composition ratio outside the 
explosion range, reduce the partial pressure of oxygen to improve partial oxidation 
selectivity, and the like. Therefore, a method may be employed in which an oxidation 
reaction is carried out while removing oxygen from the reaction field using the oxygen 
permeable membrane. 

[0028] (iii) Contactor type reactor: the contactor type reactor effects a chemical 
reaction using the selectively permeable membrane as the catalyst. The contactor type 
reactor is used to improve reaction selectivity by supplying active species effective for 
the reaction to the reaction field or allowing a consecutive reaction to occur to control 
diffusion of the reaction product into the reaction field, for example. 

[0029] The above three types of selectively permeable membrane type reactors 
have essentially the same configuration, although these selectively permeable 
membrane type reactors differ in types of catalyst and selectively permeable membrane 
or method of use (e.g. circulation method for reaction gas and product gas). Therefore, 
the configuration of the selectively permeable membrane type reactor according to the 
present invention may be applied to any of these selectively permeable membrane type 
reactors. 

[0030] Preferred embodiments of the selectively permeable membrane type 
reactor according to the present invention are described below with reference to the 
drawings taking an extractor type reactor as an example. Note that the selectively 
permeable membrane type reactor according to the present invention is not limited to 
the following embodiments (extractor type reactor). The selectively permeable 
membrane type reactor according to the present invention may also be similarly applied 
to a distributor type reactor and a contactor type reactor. 

[0031] The selectively permeable membrane type reactor according to the 
present invention includes, as essential elements, the catalyst 6, the selectively 
permeable membrane 8, and the carrier 22 for disposing the catalyst 6 and the 
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selectively permeable membrane 8, as represented by the selectively permeable 
membrane type reactor 20 shown in FIGS. 2(a) and 2(b). The selectively permeable 
membrane type reactor according to the present invention is characterized by the 
structure of the carrier 22. Each element is described below. 
[0032] (1) Carrier 

The "carrier" used in the present invention is a member functioning as a support 
for disposing the catalyst 6 and the selectively permeable membrane .8, as represented 
by the carrier 22 of the selectively permeable membrane type reactor 20 shown in FIGS. 
2(a) and 2(b), which is a tubular body having two or more gas passages (cells 26) 
partitioned and formed by the partition wall 24 formed of a porous body. The catalyst 
6 and the selectively permeable membrane 8 can be disposed in the respective cells 26 
by using the carrier 22 having such a structure. This effectively prevents a problem 
caused by the structure in which the catalyst and the selectively permeable membrane 
are disposed in the same space, which is employed in a known selectively permeable 
membrane type reactor. In more detail, a phenomenon can be effectively prevented in 
which a catalyst powder adheres to the selectively permeable membrane to clog the 
surface of the membrane or a catalyst powder reacts with the component of the 
selectively permeable membrane. In the present invention, the cell in which the 
catalyst is disposed is called a "reaction cell", and the cell in which the selectively 
permeable membrane is disposed is called a "recovery cell". 

[0033] The partition wall 24 which partitions and forms the cells 26 of the 
carrier 22 is formed of a porous body. By forming the partition wall 24 using a porous 
body having gas permeability, a reaction product resulting from a chemical reaction 
promoted by the catalyst 6 can reach the recovery cell 38 in which the selectively 
permeable membrane 8 is disposed from the reaction cells 40 and 42 in which the 
catalyst 6 is disposed. Therefore, even if the catalyst 6 and the selectively permeable 
membrane 8 are disposed in the respective cells 26, a chemical reaction using the 
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catalyst 6 and separation/recovery of the reaction product using the selectively 
permeable membrane 8 can take place at the same time. 

[0034] The thickness of the partition wall 24 is not particularly limited. It is 
preferable that the partition wall 24 be formed as thin as possible from the viewpoint of 
closely disposing the catalyst 6 and the selectively permeable membrane 8. In a 
selectively permeable membrane type reactor, when the product gas travels a long 
distance before reaching the selectively permeable membrane and encounters a number 
of obstacles, it is difficult to effectively separate the target component using the 
selectively permeable membrane. Specifically, the efficiency of production and 
separation/recovery of the target component is decreased. 

[0035] The thickness of the partition wall 24 is preferably 0.01 to 30 mm, still 
more preferably 0.05 to 15 mm, and particularly preferably 0.1 to 5 mm. If the 
thickness of the partition wall 24 is less than the lower limit of the above range, the 
partition wall may break due to low mechanical strength. If the thickness of the 
partition wall 24 exceeds upper limit of the above range, pressure loss is increased when 
the gas passes through the partition wall, whereby the gas passes through the partition 
wall to only a small extent. This may result in a decrease in the function of the 
selectively permeable membrane type reactor. 

[0036] It is preferable to appropriately control the porosity and the average pore 
size of the porous body forming the partition wall 24 in order to allow the gas to reach 
the selectively permeable membrane 8 without encountering obstacles to a large extent 
while maintaining mechanical strength. The porosity of the porous body is preferably 
20 to 60%, and still more preferably 30 to 50%. 

[0037] It is also preferable to form the partition wall 24 on which the selectively 
permeable membrane 8 is disposed as a multilayer body including porous bodies with 
different average pore sizes. This configuration is advantageous in that the pressure 
loss occurring when the gas passes through the partition wall can be reduced while 
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maintaining the mechanical strength. For example, two to five film-shaped porous 
bodies are stacked on a substrate with a relatively large average pore size so that the 
average pore size gradually decreases. In this case, the uppermost layer (layer in 
contact with the selectively permeable membrane) is called a surface layer, and the layer 
positioned between the surface layer and the substrate is called an intermediate layer. 

[0038] The average pore size of the surface layer is preferably 0.001 to 10 jim, 
and still more preferably 0,01 to 1 in order to prevent occurrence of membrane 
defects. It is preferable that the intermediate layer and the substrate have an average 
pore size of 1 to 100 in order to maintain the mechanical strength. 

[0039] If the porosity or the average pore size is less than the lower limit of the 
above range, the product gas may encounter a number of obstacles before reaching the 
selectively permeable membrane 8, whereby it may become difficult to effectively 
separate the target component using the selectively permeable membrane 8. If the 
porosity or the average pore size exceeds the upper limit of the above range, the 
mechanical strength necessary for the partition wall 24 may not be obtained. 

[0040] Since a sintered metal or a ceramic sintered body is suitably used as the 
material for the porous body forming the partition wall 24, as described later, the 
porosity and the average pore size may be controlled as follows. 

[0041] The porosity may be controlled by adjusting the raw material 
composition or the firing temperature when forming a sintered metal or a ceramic 
sintered body. For example, the porosity of the porous body may be reduced by 
reducing the ratio of the ceramic in the raw material to increase the ratio of the glass 
component, or by increasing the firing temperature. On the other hand, the porosity of 
the porous body may be increased by adding a pore-forming material such as graphite 
or starch to the raw material, or by decreasing the firing temperature. 

[0042] The average pore size may be controlled by adjusting the average particle 
diameter of aggregate particles used as the raw material. For example, the average 
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pore size of the porous body may be reduced by using aggregate particles with a small 
average particle diameter as the raw material. On the other hand, the average pore size 
of the porous body may be increased by using aggregate particles with a large average 
particle diameter as the raw material. 
5 [0043] The "porosity" used herein refers to the porosity of the porous body 

measured using the Archimedes method before disposing the catalyst 6 and the 
selectively permeable membrane 8. The "average pore size" used herein is the pore 
size measured by mercury porosimetry using the following expression (1) as the 
principle expression, and refers to a pore size d calculated from a pressure P when the 
10 cumulative volume of mercury injected into the porous body has reached 50% of the 
total pore volume of the porous body (may be called "50% pore size (d 5 o)")- 

d = -y x cosG/P (1) 

15 Where, d: pore size, y: surface tension at liquid-air interface, 0: contact angle, P: 
pressure. 

[0044] The material for the partition wall 24 is not particularly limited. A 
sintered metal or a ceramic sintered body is suitably used, since the entire carrier 22 
including the partition wall 24 can be integrally formed by extrusion so that the carrier 

20 22 can be relatively easily produced. In particular, a sintered metal formed of stainless 
steel (SS) or a heat-resistant alloy (e.g. INCONEL (registered trademark) or INCOLOY 
(registered trademark)), or a ceramic sintered body formed of alumina (AI2O3), titania 
(Ti0 2 ), cordierite (2MgO-2Al 2 03-5Si02), silicon carbide (SiC), silicon-infiltrated silicon 
carbide (Si-SiC), zirconia (Zr0 2 ), mullite (3Al 2 0 3 -2Si0 2 ), silicon nitride (Si 3 N 4 ), or the 

25 like is suitably used due to excellent heat resistance and corrosion resistance. 

[0045] The carrier 22 must be a tubular body having two or more cells 26 in 
order to dispose the catalyst 6 and the selectively permeable membrane 8 in respective 



cells 26. Note that the remaining configuration of the carrier 22 is not particularly 
limited insofar as this condition is satisfied. As the overall shape of the carrier, the 
carrier may be in the shape of a tubular body with a circular end face (cylindrical body), 
as represented by a carrier 52 of a selectively permeable membrane type reactor 50 
shown in FIGS. 3(a) and 3(b), for example. 

[0046] Note that a carrier in the shape of a tubular body with a square end face 
(rectangular parallelepiped), as represented by the carrier 22 of the selectively 
permeable membrane type reactor 20 shown in FIGS. 2(a) and 2(b), or a carrier in the 
shape of a tubular body with a rectangular or regular hexagonal end face (rectangular 
parallelepiped or regular hexagonal prism) is preferable when forming a module using a 
plurality of reactors. Such a configuration allows the carriers 22, that is, the 
selectively permeable membrane type reactors 20 to be easily integrated as shown in 
FIG. 4, whereby the selectively permeable membrane type reactors 20 can be compactly 
disposed. Specifically, when the carrier 22 of the selectively permeable membrane 
type reactor according to the present invention is in the shape of a tubular body with a 
square, rectangular, or regular hexagonal end face, it is also preferable that the 
selectively permeable membrane type reactors 20 be integrated to form a composite 
reactor 60. 

[0047] In the present invention, it is necessary to adjacently dispose the cell 
(reaction cell) in which the catalyst is disposed and the cell (recovery cell) in which the 
selectively permeable membrane is disposed in order to closely position the catalyst and 
the selectively permeable membrane. 

[0048] The carrier may be configured in various ways so that the above- 
described arrangement can be achieved. For example, a structure shown in FIGS. 2(a) 
and 2(b) may be suitably used which includes one center cell 28 disposed to include the 
center axis of the carrier and two or more peripheral cells 30 and 32 disposed adjacent 
to the center cell 28 on the periphery of the center cell 28. 
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[0049] This structure allows the reaction cell and the recovery cell to be 
adjacently disposed by disposing the catalyst 6 in either the center cell 28 or the 
peripheral cells 30 and 32 and disposing the selectively permeable membrane 8 in the 
another. In particular, a structure is preferable in which the reaction cells 40 and 42 
5 and the recovery cells 38 are adjacently disposed by disposing the catalyst 6 in the 
peripheral cells 32 (reaction cells 40 and 42) and disposing the selectively permeable 
membrane 8 in the center cell 28 (recovery cell 38), as represented by the selectively 
permeable membrane type reactor 20 shown in FIGS. 2(a) and 2(b), since heat can be 
efficiently supplied to the catalyst 6 disposed in the peripheral cells 32. This structure 
10 may be particularly suitably used when carrying out an endothermic reaction which 
requires heat be supplied to the reaction cells 40 and 42 in which the catalyst 6 is 
disposed. 

[0050] (2) Catalyst 

The "catalyst" used in the present invention is a component for promoting a 
15 chemical reaction, and differs in type depending on the desired reaction. For example, 
when carrying out a reaction for producing hydrogen by reforming a hydrocarbon using 
steam and carbon dioxide, a nickel based catalyst, a noble metal based catalyst such as a 
platinum (Pt) based catalyst, ruthenium based catalyst, or rhodium (Rh) based catalyst, 
or the like may be suitably used. A noble metal based catalyst such as a platinum 
20 based catalyst may be suitably used for partial oxidation of a hydrocarbon, and a 
copper-zinc (Cu-Zn) based catalyst or an iron-chromium (Fe-Cr) based catalyst may be 
suitably used for a shift reaction of carbon monoxide (CO). 

[0051] The shape of the catalyst is not particularly limited. A pellet-shaped 
catalyst as represented by the catalyst 6 shown in FIGS. 2 (a) and 2(b) or a bead-shaped 
25 catalyst is suitably used, since a commercially-available catalyst can be utilized in case 
of this type of the catalysts. A catalyst supported on a catalyst carrier in advance may 
also be used. For example, a catalyst obtained by causing a catalyst to be supported on 



a catalyst carrier formed of a heat-resistant inorganic oxide with a large specific surface 
area (e.g. alumina, titania, or zirconia) in a highly dispersed state is preferably used. 
This configuration is advantageous in that the catalytically active component can be 
disposed in a highly dispersed state. 
5 [0052] The configuration for disposing the catalyst 6 is not particularly limited. 

As shown in FIGS. 2 (a) and 2(b), a pellet-shaped (or bead-shaped) catalyst may be 
used^ as the catalyst 6 in the same manner as in a known selectively permeable 
membrane type reactor, and the catalyst 6 may be disposed on the carrier 22 by filling 
the cells 26 of the carrier 22 with the catalyst 6 in a packed bed manner, for example. 

10 The "pellet-shaped or bead-shaped catalyst" used in the present invention also includes 
a catalyst supported on a pellet-shaped or bead-shaped catalyst carrier. 

[0053] When filling the cell with the catalyst in a packed bed manner, it is 
important to determine the size of the bead or the pellet sufficiently taking the cross- 
sectional area and the length of the reaction cell into consideration. This aims at 

15 preventing a decrease in the reaction efficiency occurring when the reaction gas blows 
through the cell. In more detail, it is preferable that the ratio of the length of the 
reaction cell to the size of the pellet or bead be 10 to 30 or more, and the ratio of the 
diameter of the reaction cell to the size of the pellet or bead be 4 to 20 or more. 

[0054] As represented by a selectively permeable membrane type reactor 70 

20 shown in FIGS. 5(a) and 5(b), a catalyst 76 in the shape of a thin film may be used as 
the catalyst, and the catalyst 76 may be disposed on the carrier 22 by forming the 
catalyst 76 in the shape of a thin film to cover the surface of the partition wall 24 which 
partitions and forms the cell 26 of the carrier 22. This configuration allows the 
catalyst 76 to be generally disposed close to the selectively permeable membrane 8 to 

25 reduce the distance the product gas travels before reaching the selectively permeable 
membrane 8, and prevents other catalysts from hindering the movement of the product 
gas, whereby the target component can be effectively separated using the selectively 
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permeable membrane 8. Therefore, a catalytic reaction and selective permeation of a 
specific component using the selectively permeable membrane can be achieved with a 
higher efficiency. 

[0055] In the configuration shown in FIGS. 5(a) and 5(b), a decrease in the 
5 reaction efficiency occurring when the reaction gas blows through the cell can be 
prevented by appropriately setting the size of the space of the reaction cell (cross- 
sectional area in the direction perpendicular to the gas flow; the length of the space in 
the diametrical direction when the cell is cylindrical) and the length of the reaction cell. 
[0056] The size of the space of the reaction cell is preferably 25 jim to 15 mm, 

10 although the size varies depending on the length of the reaction cell. If the size of the 
space is less than 25 ^im, the pressure loss inside the reaction cell may be increased to a 
large extent, whereby circulation of the reaction gas may be hindered. If the size of the 
space is more than 15 mm, a decrease in the reaction efficiency occurring when the 
reaction gas blows through the reaction cell may not be prevented. The length of the 

15 reaction cell in the gas flow direction is preferably 1 cm to 5 m which is equal to that of 
a known reactor. If the length of the reaction cell is less than 1 cm, the reaction gas 
may blow through the reaction cell, whereby the amount of unreacted gas may be 
increased. If the length of the reaction cell is more than 5 m, it may be difficult to 
produce the membrane and the substrate using a known manufacturing technology. 

20 When filling the reaction cell with the catalyst in a packed bed manner, the inner 
diameter of the reaction cell is not particularly limited insofar as the ratio of the length 
of the reaction cell to the size of the pellet or bead and the ratio of the diameter of the 
reaction cell to the size of the pellet or bead are within the above-mentioned ranges. 

[0057] The selectively permeable membrane type reactor 70 shown in FIGS. 

25 5(a) and 5(b) has an advantage in that the reactor can be easily handled since the 
catalyst 76 is integrated with the carrier 22. Specifically, the carrier 22 can be 
prevented from breaking when installing the selectively permeable membrane type 



reactor 70 by connecting the selectively permeable membrane type reactor 70 to a raw 
material gas introduction mechanism, product gas removal mechanism, and the like, or 
when disposing the catalyst 76 on the carrier 22. 

[0058] On the other hand, when filling the cell 26 of the carrier 22 with the 
5 bead-shaped or pellet-shaped catalyst 6 in a packed bed manner, as represented by the 
selectively permeable membrane type reactor 20 shown in FIGS. 2(a) and 2(b), since 
the product gas produced on the catalyst provided at a position relatively apart from the 
selectively permeable membrane 8 travels a long distance before reaching the 
selectively permeable membrane 8 and is hindered by other catalysts 6, whereby it may 

10 become difficult to effectively separate the target component using the selectively 
permeable membrane 8. Moreover, the carrier 22 may break when filling the cell 26 of 
the carrier 22 with the bead-shaped or pellet-shaped catalyst 6. 

[0059] As the method of disposing a catalyst in the shape of a thin film, a 
method of forming a catalyst in the shape of a thin film by wash coating or the like 

15 using a slurry containing a catalyst powder so that the surface of the partition wall 
which partitions and forms the cells of the carrier is covered. In this case, the catalyst 
may be disposed not only on the surface of the porous body forming the partition wall, 
but also inside the pores of the porous body. This method is preferable in that the 
amount of catalyst supported on the carrier can be increased. Note that the catalyst is 

20 supported inside the pores of the porous body in such a range that the function of the 
selectively permeable membrane type reactor is not decreased due to clogging or a 
reduction in size of the pores. 

[0060] (3) Selectively permeable membrane 

The ^selectively permeable membrane" used in the present invention is a 
25 member in the shape of a thin film which selectively allows a specific component to 
pass therethrough, and differs in type depending on the target component which is 
allowed to pass through the selectively permeable membrane. For example, when 



selectively separating/recovering hydrogen from a product gas obtained by reforming a 
hydrocarbon, a hydrogen permeable membrane formed of palladium (Pd) or a palladium 
alloy such as a palladium-silver alloy, which selectively allows hydrogen to pass 
therethrough, may be used. A hydrogen permeable membrane formed of silica or 
zirconia, a zeolite membrane, a nano membrane, or the like may also be used as the 
selectively permeable membrane. The method of forming the selectively permeable 
membrane is not particularly limited insofar as the selectively permeable membrane can 
be provided with a specific permeability. For example, a known membrane formation 
method such as plating, chemical vapor deposition (CVD), sputtering, or sol coating 
may be used. 

[0061] The configuration for disposing the selectively permeable membrane is 
not particularly limited. As shown in FIGS. 2(a) and 2(b), it is preferable to dispose 
the selectively permeable membrane 8 on the carrier 22 by forming the selectively 
permeable membrane 8 in the shape of a thin film to cover the surface of the partition 
wall 24 which partitions and forms the cells 26 of the carrier 22. In this case, it is 
necessary to prevent the product gas from leaking from the reactions cells 40 and 42 
into the recovery cell 38 by closely covering the surface of the partition wall 24 which 
partitions and forms the cells 26 of the carrier 22. 

[0062] (4) Method of use 

A method of using the selectively permeable membrane type reactor according 
to the present invention is described below taking an example of producing hydrogen by 
reforming methane and separating/recovering the produced hydrogen using the 
selectively permeable membrane type reactor 20 shown in FIGS. 2(a) and 2(b). In this 
case, a selectively permeable membrane type reactor 20 may be used in which a nickel 
based reforming catalyst which promotes a reforming reaction of methane is disposed as 
the catalyst 6 and a hydrogen permeable membrane formed of a palladium-silver alloy 
which selectively allows hydrogen to pass therethrough is disposed as the selectively 
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permeable membrane 8. 

[0063] The raw material gas G x including methane, steam, and the like is 
introduced through a gas inlet 40a of the reaction cell 40 and a gas inlet (not shown) of 
the reaction cell 42 at a high temperature of about 300 to 1000°C. In the selectively 
5 permeable membrane type reactor 10, one end of the recovery cell 38 is closed by a 
plug 34 formed of a dense alumina body so that the raw material gas G x is introduced 
into only the reaction cells 40 and 42 without being introduced into the recovery cell 38. 

[0064] The raw material gas G x introduced into the reaction cells 40 and 42 
contacts the catalyst 6, whereby a reforming reaction shown by the following formula 
10 (1) and a shift reaction shown by the following formula (2) are promoted. This allows 
the methane in the raw material gas G x to be decomposed into reaction products such as 
hydrogen, carbon monoxide, and carbon dioxide, whereby a mixed gas (product gas) 
containing these reaction products is obtained. 

15 CH 4 +H 2 0«->CO+3H 2 (1) 

CO+H 2 0~C0 2 +H 2 (2) 

[0065] The hydrogen obtained as the product gas passes through the partition 
wall 24 formed of the porous body and the selectively permeable membrane 8 to enter 

20 the recovery cell 38, and is separated/recovered as the permeable gas G 2 through a gas 
recovery port 38b of the recovery cell 38. On the other hand, since the remaining 
components (e.g. carbon monoxide and carbon dioxide as the reaction products and 
unreacted raw material gas) cannot pass through the selectively permeable membrane 8, 
these components pass through the reaction cell 40 and are recovered as the 

25 impermeable gas G 3 through a gas recovery port 40b of the reaction cell 40 and a gas 
inlet port (not shown) of the reaction cell 42. This mechanism allows the permeable 
gas G 2 and the impermeable gas G 3 to be separated and individually recovered. 



Therefore, only the target component (hydrogen in this example) can be selectively 
separated/recovered from the reaction products of the reforming reaction. 

[0066] It is preferable to use the selectively permeable membrane type reactor 
according to the present invention in a state in which the partial pressure of the target 
component is reduced in the recovery cell. In more detail, the partial pressure of the 
target component may be reduced by causing a sweep gas such as steam to flow through 
the recovery cell or by reducing the pressure inside the recovery cell in comparison with 
the reaction cell using a vacuum pump, for example. This method of use is preferable 
since the difference in partial pressure between the reaction cell and the recovery cell 
can be increased, whereby the permeability can be improved when the target component 
passes through the selectively permeable membrane. 

[0067] As a representative example of the application of the selectively 
permeable membrane type reactor according to the present invention, production of 
hydrogen by reforming a hydrocarbon and separation/recovery of the produced 
hydrogen using a hydrogen permeable membrane as the selectively permeable 
membrane can be given. Note that the application of the selectively permeable 
membrane type reactor according to the present invention is not limited thereto. For 
example, the selectively permeable membrane type reactor according to the present 
invention may also be used for various reactions such as isomerization of p-xylene and 
separation/recovery thereof by combining a silica-alumina based isomerization catalyst 
and a zeolite membrane which selectively allows p-xylene to pass therethrough, 
dehydrogenation of cyclohexane or decalin by combining a noble metal based 
dehydrogenation catalyst and a hydrogen permeable membrane, or hydrogenation of 
toluene, benzene, or 1-butene by combining a noble metal based hydrogenation catalyst 
and a hydrogen permeable membrane. 
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[0068] The selectively permeable membrane type reactor according to the 
present invention is described below in detail by way of examples. Note that the 
selectively permeable membrane type reactor according to the present invention is not 
limited to the following examples. 
5 [0069] (Example 1) 

The selectively permeable membrane type reactor 20 shown in FIGS. 2(a) and 
2(b) including the catalyst 6, the selectively permeable membrane 8, and the carrier 22 
was produced. 

[0070] As the carrier 22, a tubular body having two or more gas passages (cells 
10 26) partitioned and formed by the partition wall 24 formed of a porous body was used. 
In more detail, the carrier 22 in the shape of a tubular body (rectangular parallelepiped) 
with a square end face with dimensions of 6x6 cm and a height of 30 cm was used, the 
carrier 22 having one center cell 28 (cell shape: square with dimensions of 4x4 cm) 
disposed to include the center axis of the carrier 22 and eight peripheral cells 30 (cell 
15 shape: rectangle with dimensions of 4x0.4 cm) and 32 (cell shape: square with 
dimensions of 0.4x0.4 cm) disposed adjacent to the center cell 28 on the periphery of 
the center cell 28. 

[0071] The carrier 22 was a multilayer film including a substrate formed of an 
alumina porous body with an average pore size of 5 jj-m and a porosity of 38%, an 

20 intermediate layer (alumina porous body with an average pore size of 0.5 jam and a 
porosity of 41%) formed only on the surface of the partition wall of the substrate 
forming the inner circumferential surface of the center cell, and a surface layer (alumina 
porous body with an average pore size of 0.1 jim and a porosity of 33%). The total 
thickness of the partition wall (i.e. substrate, intermediate layer, and surface layer) of the 

25 carrier 22 was 3 mm. 

[0072] The carrier 22 was formed as follows. Alumina clay was extruded to 
obtain a formed product, and the formed product was dried and fired to obtain a 



substrate. An alumina slurry was formed on the substrate to obtain a formed body, and 
the operation of drying and firing the formed body was performed twice to obtain a 
multilayer film including the intermediate layer and the surface layer. 

[0073] The catalyst 6 was disposed in the peripheral cells 30 and 32 of the nine 
cells 26 of the carrier 22, and the selectively permeable membrane 8 was disposed in the 
center cell 28. Specifically, the peripheral cells 30 and 32 were provided as the 
reaction cells 40 and 42 in which the catalyst 6 was disposed, and the center cell 28 was 
provided as the recovery cell 38 in which the selectively permeable membrane 8 was 
disposed. The end of the recovery cell 38 on the side of the gas inlet 40a of the 
reaction cell 40 was closed by the plug 34 formed of a dense alumina body. 

[0074] As the catalyst 6, a nickel based catalyst formed in the shape of pellets 
with an outer diameter of about 0.5 mm was used. The catalyst 6 was disposed in the 
carrier 22 by filling the peripheral cells 30 and 32 of the carrier 22 with the catalyst 6 in 
a packed bed manner. 

[0075] As the selectively permeable membrane 8, a hydrogen permeable 
membrane formed of a palladium-silver alloy and having a shape of a thin film with an 
average thickness of 3 |jm was used. The selectively permeable membrane 8 was 
formed to cover the surface of the partition wall 24 (surface of the surface layer of the 
multilayer film) by which the center cell 28 of the carrier 22 was partitioned and formed 
to dispose the selectively permeable membrane 8 on the carrier 22. The composition 
of the palladium-silver alloy was set so that palladium was 80 wt% and silver was 20 
wt% taking hydrogen permeability into consideration. The hydrogen permeable 
membrane was formed by metal plating. 

[0076] (Example 2) 

The selectively permeable membrane type reactor 50 shown in FIGS. 3(a) and 
3(b) including the catalyst 6, the selectively permeable membrane 8, and the carrier 52 
was produced. 
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[0077] As the carrier 52, a tubular body having two or more gas passages (cells 
26) partitioned and formed by the partition wall 24 formed of a porous body was used. 
In more detail, the carrier 52 in the shape of a tubular body (cylinder) with a circular 
end face with a diameter of 7 cm and a height of 30 cm was used, the carrier 52 having 
one center cell 28 (cell shape: circle with a diameter of 3 cm) disposed to include the 
center axis of the carrier 52 and four peripheral cells 30 (cell shape: fan-shaped cells 
obtained. by dividing the carrier 52 into four sections at 90° at a width of 1 cm) disposed 
adjacent to the center cell 28 on the periphery of the center cell 28. 

[0078] The carrier 52 was a multilayer film including a substrate formed of an 
alumina porous body with an average pore size of 2 pm and a porosity of 45%, an 
intermediate layer (alumina porous body with an average pore size of 0.7 jam and a 
porosity of 37%) formed only on the surface of the partition wall of the substrate 
forming the inner circumferential surface of the center cell, and a surface layer (alumina 
porous body with an average pore size of 0.06 pm and a porosity of 41%). The 
thickness of the partition wall of the carrier 52 was 5 mm. The carrier 52 was 
produced in the same manner as the carrier used in Example 1 . 

[0079] The catalyst 6 was disposed in the peripheral cells 30 of the five cells 26 
of the carrier 52, and the selectively permeable membrane 8 was disposed in the center 
cell 28. Specifically, the peripheral cells 30 were provided as the reaction cells 40 in 
which the catalyst 6 was disposed, and the center cell 28 was provided as the recovery 
cell 38 in which the selectively permeable membrane 8 was disposed. The end of the 
recovery cell 38 on the side of the gas inlet 40a of the reaction cell 40 was closed by the 
plug 34 formed of a dense alumina body. 

[0080] As the catalyst 6, a nickel based reforming catalyst formed in the shape 
of pellets with an outer diameter of about 1.3 mm was used. The catalyst 6 was 
disposed in the carrier 52 by filling the peripheral cells 30 of the carrier 52 with the 
catalyst 6 in a packed bed manner. 
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[0081] As the selectively permeable membrane 8, a hydrogen permeable 
membrane formed of a palladium-silver alloy and having a shape of a thin film with an 
average thickness of 2.2 jam was used. The selectively permeable membrane 8 was 
formed to cover the surface of the partition wall 24 (surface of the surface layer of the 
5 multilayer film) by which the center cell 28 of the carrier 52 was partitioned and formed 
to dispose the selectively permeable membrane 8 in the carrier 52. The composition of 
the palladium-silver alloy was set so that palladium was 70 wt% and silver was 30 wt% 
taking hydrogen permeability into consideration. The hydrogen permeable membrane 
was formed by metal plating. 
10 [0082] (Example 3) 

The selectively permeable membrane type reactor 70 shown in FIGS. 5(a) and 
5(b) including the catalyst 76 in the shape of a thin film, the selectively permeable 
membrane 8, and the carrier 22 was produced. 

[0083] As the carrier 22, a carrier having a structure similar to that of the carrier 
15 used in Example 1 and produced in the same manner as the carrier used in Example 1 
was used. 

[0084] The catalyst 76 was disposed in the peripheral cells 30 and 32 of the nine 
cells 26 of the carrier 22, and the selectively permeable membrane 8 was disposed in the 
center cell 28. Specifically, the peripheral cells 30 and 32 were provided as the 

20 reaction cells 40 and 42 in which the catalyst 76 was disposed, and the center cell 28 
was provided as the recovery cell 38 in which the selectively permeable membrane 8 
was disposed. The end of the recovery cell 38 was not closed by the plug 34 formed of 
a dense alumina body so that a sweep gas G 4 could be introduced into the recovery cell 
38, differing from the selectively permeable membrane type reactor 20 of Example 1. 

25 [0085] As the catalyst 76, a ruthenium based reforming catalyst was used. The 

catalyst 76 was disposed in the carrier 22 by forming the catalyst in the shape of a thin 
film by wash coating using a slurry containing the catalyst powder so that the surface of 
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the partition wall 24 by which the peripheral cells 30 and 32 of the carrier 22 were 
partitioned and formed was covered. As the selectively permeable membrane 8, a 
selectively permeable membrane having a structure similar to that of the selectively 
permeable membrane used in Example 1 was used. The selectively permeable 
membrane 8 was disposed on the carrier 22 in the same manner as the selectively 
permeable membrane used in Example 1. 
[0086] (Comparative Example 1) 

The selectively permeable membrane type reactor 10 shown in FIG. 1 including 
the catalyst 6, the selectively permeable membrane 8, the reaction tube 2, and the 
separation tube 4 was produced. 

[0087] As the reaction tube 2, a cylindrical reaction tube (inner diameter: 4 cm, 
outer diameter: 5 cm, height: 40 cm) made of stainless steel (SS) with a thickness of 5 
mm and having a heat resistance of 300 to 1000°C was used. The separation tube 4 
was a cylindrical separation tube with a bottom (inner diameter: 0.8 cm, outer diameter: 
1 cm, height: 20 cm) having an outermost surface layer formed of an alumina porous 
body with an average pore size of 0.07 (im and a porosity of 41% (intermediate layer: 
average pore size: 0.7 Jim, porosity 39%; substrate: average pore size: 2.5 |im, porosity: 
45%). The separation tube 4 was disposed inside the reaction tube 2 to form a double 
tube structure. 

[0088] The catalyst 6 was disposed in the space between the reaction tube 2 and 
the separation tube 4, and the selectively permeable membrane 8 was disposed on the 
outer surface of the separation tube 4. 

[0089] As the catalyst 6, a nickel based catalyst formed in the shape of pellets 
with an outer diameter of about 2 mm was used. The catalyst 6 was disposed by filling 
the space between the reaction tube 2 and the separation tube 4 with the catalyst 6 in a 
packed bed manner. 

[0090] As the selectively permeable membrane 8, a hydrogen permeable 
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membrane formed of a palladium-silver alloy and having a shape of a thin film with an 
average thickness of 3 jxm was used. The selectively permeable membrane 8 was 
formed to cover the outer surface of the separation tube 4 to dispose the selectively 
permeable membrane 8 in the separation tube 4. The composition of the palladium- 
5 silver alloy was set so that palladium was 80 wt% and silver was 20 wt% taking 
hydrogen permeability into consideration. The hydrogen permeable membrane was 
formed by metal plating. 

[0091] (Evaluation) 

The selectively permeable membrane type reactors of Examples 1 to 3 and 

10 Comparative Example 1 were evaluated in a state in which the selectively permeable 
membrane type reactor was placed in a housing made of stainless steel. The housing 
was configured so that a permeable gas passage and an impermeable gas passage, which 
were airtightly isolated, were formed therein and a permeable gas arid an impermeable 
gas obtained by the selectively permeable membrane type reactor were separated and 

1 5 individually recovered. 

[0092] The selectively permeable membrane type reactor was evaluated 
according to the following method using an evaluation device 80 shown in FIG. 6 
including raw material gas supply sources 82a to 82d for supplying raw material gases 
such as a hydrocarbon such as methane or butane, an oxygen-containing hydrocarbon 

20 such as methanol, water, carbon dioxide, and oxygen, a hydrogen supply source 82e for 
supplying hydrogen for reducing a nickel based catalyst, a vaporizer 84 for vaporizing 
water to produce steam, a selectively permeable membrane type reactor 86, a heater 88 
for heating the selectively permeable membrane type reactor 86, a liquid trap 90 for 
trapping a liquid component such as water, flowmeters 92a and 92b for measuring the 

25 amount of gas, and gas chromatographs 94a and 94b for measuring the gas component. 

[0093] The oxidized nickel based catalyst was reduced at a high temperature of 
about 400°C by supplying hydrogen from the hydrogen supply source 82e. The raw 
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material gases such as the hydrocarbon or the oxygen-containing hydrocarbon, steam, 
carbon dioxide, and oxygen supplied from the raw material gas supply sources 82a to 
82d were mixed at a specified ratio and introduced into the selectively permeable 
membrane type reactor 86 to promote the reforming reaction and the shift reaction using 

5 the catalyst. In the selectively permeable membrane type reactor of Example 3, the 
reaction was carried out while introducing the sweep gas G 4 into the recovery cell 38 
from the gas inlet 38a of the recovery cell 38 through the sweep gas supply line 100. 

[0094] Among hydrogen, carbon monoxide, carbon dioxide, steam, and the like 
produced by the reaction and unreacted components, only the hydrogen as the target 

10 component was allowed to pass through the selectively permeable membrane (hydrogen 
permeable membrane) as a permeable gas and supplied to the gas chromatograph 94a 
through the flowmeter 92a and the permeable gas recovery line 96 to quantitatively 
determine the gas components. An impermeable gas containing other components was 
supplied to the impermeable gas recovery line 98. After removing the liquid 

15 components such as water using the liquid trap 90, the residual gas was supplied to the 
gas chromatograph 94b through the flowmeter 92b to quantitatively determine the gas 
components. 

[0095] The hydrocarbon was subjected to steam reforming using the evaluation 
device 80 under various reaction conditions to produce hydrogen and separate/recover 

20 the produced hydrogen. The reaction temperature was set at 550°C, the steam/carbon 
ratio (ratio of the number of moles of water to the number of moles of carbon ("1" for 
methane and "4" for butane)) was set at "3", the pressure inside the reaction cell was set 
at 506 kPa (5 atm), and the partial pressure of hydrogen in the recovery cell was set at 
10 kPa (0.1 atm). The "hydrogen recovery rate" was calculated using the following 

25 expression (1), and the "hydrogen production efficiency" was calculated using the 
following expression (2). The results are shown in Table 1 . 
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Rc= 1 OOxQp/(Qp+QrxCH) 0 ) 



Where, Rc: hydrogen recovery rate (%), Qp: recovery cell outlet gas flow (unit: L/min, 
for example), Qr: reaction cell outlet gas flow (unit: L/min, for example), C H : molar 
fraction of hydrogen gas in reaction cell outlet gas. 

Rp=(CmxRc)-100 (2) 

Where, Rp: hydrogen production efficiency (%), Cm: methane conversion rate (%), Rc: 
hydrogen recovery rate (%) 



[0096] [Table 1] 





Hydrogen 
recovery rate (%) 


Methane 
conversion rate (%) 


Hydrogen 
production 
efficiency (%) 


Example 1 


61 


71 


43 


Example 2 


62 


73 


45 


Example 3 


59 


70 


41 


Comp. Exam. 1 


58 


68 
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[0097] As shown in Table 1, the hydrogen production efficiency when using the 
selectively permeable membrane type reactors of Examples 1 to 3 was higher in an 
amount of 2 to 6 points than that when using the selectively permeable membrane type 
reactor of Comparative Example 1. These results suggest that the selectively 
permeable membrane type reactors of Examples 1 to 3 could produce hydrogen and 
separate/recover the produced hydrogen as the target component with an efficiency 
higher than that of the selectively permeable membrane type reactor of Comparative 
Example 1. 

[0098] The surface of the selectively permeable membrane was observed using a 
scanning electron microscope after continuously operating the selectively permeable 
membrane type reactors of Examples 1 to 3 and the selectively permeable membrane 
type reactor of Comparative Example 1 for one hundred hours. As a result, a powder 
of the nickel based catalyst or the ruthenium based catalyst did not adhere to the surface 



30 



of the selectively permeable membrane in the selectively permeable membrane type 
reactors of Examples 1 to 3. On the other hand, a large amount of powder of the nickel 
based catalyst produced by wear or the like adhered to the surface of the selectively 
permeable membrane in the selectively permeable membrane type reactor of 
5 Comparative Example 1. It was confirmed that the selectively permeable membrane 
deteriorated due to the reaction between the catalyst powder and the selectively 
permeable, membrane. 

[0099] From these results, it was presumed that the selectively permeable 
membrane type reactors of Examples 1 to 3 could produce hydrogen as the target 
10 component and separate/recover the produced hydrogen with high efficiency due to the 
suppression of deterioration of the selectively permeable membrane by preventing 
adhesion of the catalyst powder to the surface of the selectively permeable membrane. 

INDUSTRIAL APPLICABILITY 

15 [0100] The selectively permeable membrane type reactor according to the 

present invention may be suitably used when simultaneously effecting catalytic reaction 
promotion and selective permeation of a specific component using the selectively 
permeable membrane. Specifically, the selectively permeable membrane type reactor 
according to the present invention may be used for various applications such as 

20 production of hydrogen by reforming a hydrocarbon and separation/recovery of the 
produced hydrogen when using a reactor (e.g. extractor type reactor) which 
simultaneously effects a chemical reaction using the catalyst and separation/recovery of 
the reaction product using the selectively permeable membrane, oxidation of a 
hydrocarbon when using a reactor (distributor type reactor) which simultaneously 

25 effects a chemical reaction using the catalyst and prevention of a side reaction by 
concentration adjustment of a specific component using the selectively permeable 
membrane, or supplying an active species effective for a reaction or controlling 



diffusion of a reaction product into a reaction field when using a reactor (contactor type 
reactor) which effects a chemical reaction using the selectively permeable membrane as 
the catalyst. 
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